Abstract: The effect of galactoglucomannan oligosaccharides -GGMOs, GGMOs-r (GGMOs with reduced reducing ends), and GGMOs-g (GGMOs with reduced number of D-galactose units) on peroxidase activity was determined in pea epicotyls. GGMOs didn't significantly modify the activity of soluble peroxidases. However, cell wall-associated peroxidases activity increased after GGMOs and GGMOs-r treatment, while in the presence of GGMOs-g this activity was significantly lower. These results are inversely related to the GGMOs, GGMOs-r, and GGMOs-g effect on elongation growth induced by 2,4-D (2,4-dichlorophenoxyacetic acid) in pea epicotyls. It can be concluded that GGMOs evoked inhibition of the elongation growth induced by auxin is probably associated with cell wall modifications catalysed by peroxidase.
Introduction
Peroxidase participates in the control of cell wall rigidification and catalysis of extensin deposition (FaivreRampant et al. 1998; Jackson et al. 2001) . Peroxidase isozymes are also thought to regulate growth by the formation of diphenyl bridges, and cross-links of cell wall proteins, as well as other wall components (Cosgrove 2001) . These processes are proposed to lead to cell wall tightening, and thus to a loss of plasticity of the cell wall. The plant cell wall is a source of polysaccharide fragments -oligosaccharides -showing biological activity in elongation growth (Khairullin et al. 2002; Kaku et al. 2004 ). Chitooligosaccharides affect peroxidase activity in the segments of wheat coleoptiles (Yusupova et al. 2005) . Galactoglucomannan oligosaccharides (GGMOs) derived from plant cell wall galactoglucomannan inhibit auxin-as well as gibberellininduced elongation growth of pea and spruce stem segments at very low concentrations (Auxtová et al. 1995; Kollárová et al. 2006) . It was hypothesized that growth inhibition caused by GGMOs is possibly the result of peroxidase-catalysed processes in the cell wall. The aim of the present work was therefore to prove the effect of GGMOs on peroxidase isozymes activity in pea epicotyl segments in relation to elongation growth induced by auxin. were obtained from spruce galactoglucomannan by partial acid hydrolysis as described previously (Capek et al. 2000) . GGMOs-r, with reduced reducing ends, were prepared by treatment of GGMOs with NaBH4 (Bilisics & Kubačková 1989) . Degalactosylated samples (GGMOs-g), with reduced number of D-galactose units to about 50 %, were prepared by treatment of GGMOs with α-galactosidase.
Material and methods

GGMOs preparation
Plant material
The 8-days-old etiolated epicotyls of pea seedlings (seeds Pisum sativum L. cv. Tyrkys from Selgen Slovakia) were cut directly above the cotyledons. After length determination the epicotyls were incubated in a solution containing 1% sucrose, and 5 mM K-phosphate buffer (pH 6.1), plant growth regulator (2,4-D) in 0.9 µM concentration added after 90 min of pre-incubation with GGMOs (0.1 nM concentration). Control contained 1% sucrose and 5 mM K-phosphate buffer (pH 6.1). Auxin control contained 0.9 µM 2,4-D, 1% sucrose and 5 mM K-phosphate buffer (pH 6.1). All solutions were filter-sterilized before use. The incubation was performed in 920 K. Kollárová et al. the dark at 24
• C on a rotatory shaker (110 rpm). After incubation, the final length of segments was determined again, and 1.5 cm long segments were excised directly below the plumular hook for peroxidase extraction.
Peroxidase extraction and detection
Isolation of intracellular and cell wall-associated peroxidases fraction from pea epicotyl segments was carried out as described by Warneck et al. (1996) . Pea epicotyl segments of each treatment in the bioassay were homogenized in liquid nitrogen with mortar and pestle, suspended in 0.1 M TRIS HCl buffer (pH 7.0) and homogenized again by ultrasonication (6 × 60 s, 21.5 kHz) on ultrasonic generator UG 252. In order to isolate the cell wall fraction together with the ionically-bound peroxidases, the suspension was centrifuged at 2500 g for 10 min and subsequently at 7000 g for 30 min. The supernatant contained the intracellular peroxidases fraction. The pellet was resuspended in 0.1 M TRIS HCl buffer (pH 7.0) and centrifuged again at 9500 g for 20 min (repeated three times). Cell walls were resuspended in 0.1 M TRIS HCl buffer (pH 7.0) containing 0.2 M CaCl2 and stirred for 2 hours at 4
• C to extract cell wall-associated peroxidases. The extraction was terminated by centrifugation (11000 g, 30 min). The pellet was resuspended and centrifuged again. The resulting supernatants were combined and contained the cell wallassociated peroxidases isolated at pH 7.0. The cell wallassociated peroxidases isolated at pH 4.5 were extracted by incubation with 0.1 M Na-acetate (pH 4.5) containing 0.2 M CaCl2 and the extraction was terminated by centrifugation (11000 g, 30 min). All enzyme extracts were concentrated by ultrafiltration on Amicon (10 kDa), Millipore, Carrigtohill, Cork. Peroxidase (EC 1.11.1.7) activity was determined spectrophotometrically on spectrophotometer Spekol 11, Carl Zeiss, Jena based on the oxidation of guaiacol in the presence of H2O2 at 440 nm (Frič & Fuchs 1970) . Changes in enzyme activities are expressed as a percentage of control. Protein concentration was determined according to the method of Bradford (1976) using bovine serum albumin (BSA, Sigma) as standard. Peroxidase isoenzymes were separated by discontinuous polyacrylamide gel electrophoresis under non-denaturing conditions on Mini-PROTEAN II, BioRad, CA, USA. Cationic isozymes were separated at acidic pH (separating gel 7%, pH 4.3; stacking gel 3.75%, pH 6.8) according to the method of Reisfeld et al. (1962) . Equal volumes of the protein were loaded for each sample. Peroxidase isozymes were detected by staining the gels with guaiacol as substrates (Tamás et al. 2003) .
Statistics
Each experiment consisted of 30 epicotyls per treatment and was repeated at least three times on separate days. Data were tested by ANOVA and LSD test at P < 0.05.
Results and discussion
All types of oligosaccharides used (GGMOs, GGMOS-r, and GGMOs-g) in this study significantly inhibited the elongation growth of pea epicotyls induced by 2,4-D, but with different intensity depending on their structural modification (Fig. 1a) . From these findings, as from previous results (Kollárová et al. 2006 ) it is assumed that galactose side chains attached to the β-(1→4) glucopyranosyl-mannopyranosyl backbone are responsible for the biological activity of GGMOs. Our attention in this study was focused on the relationship between GGMOs inhibition of elongation growth and peroxidases activity. The elongation growth is connected with changes of the cell wall rigidity accompanied by changes in the pH having impact on the activity of different groups of cell wall associated peroxidase izozymes. Generally, in our experiments, the activity of peroxidases isolated at pH 7.0 reached higher values compared to those isolated at pH 4.5. The activity of cell wall-associated peroxidases isolated at pH 7.0 as well as at 4.5 increased during the GGMOs or GGMOs-r affected elongation growth induced by 2,4-D (Fig. 1b, c) . GGMOs-g under the same conditions decreased this activity. In contrast to this, all types of oligosaccharides used were without any effect on the soluble peroxidases activity (unpublished results). Our results are comparable with xyloglucan nonasaccharide action which increased the activity of cell wallassociated peroxidases at the same time as it caused growth inhibition (Warneck et al. 1996) . This inverse correlation between peroxidase activity and elongation growth is widely accepted (Bagatharia & Chanda 1998; Schopfer 2001 , Dunand et al. 2003 .
Cationic cell wall-associated isoperoxidases were in focus of our study because anionic isozymes were not detectable even under basic conditions similarly as in the case of xyloglucan nonasaccharide (Warneck et al. 1996). Anionic isozymes have been shown to be involved in the lignification process (Christensen et al. 2001) , and their activities were enhanced by light (Chen et al. 2002) . Since in our experiments etiolated epicotyls were used anionic isozymes might not be detectable.
The analysis of cell wall-associated isoperoxidases pattern at pH 7.0 showed the presence of four cationic isozymes (Fig. 2a) . The highest activity was exhibited by the isozyme No. 1 in the control and after GGMOs action on 2,4-D-induced elongation growth. At pH 4.5 five cationic isozymes were detected (Fig. 2b) . The isozymes No. 3 and 4 showed the strongest reaction. Very low isozymes activity was shown especially in the case of isozyme No. 2 after 2,4-D action. Cationic isoperoxidases are probably predominant isozymes in pea epicotyl cell walls (Warneck et al. 1996) . These isoperoxidases are in general connected with indoleacetic acid degradation which is linked with the oxidation of suitable co-substrates such as phenolic compounds and catalysis of the linkages between phenolic acids and cell-wall polymers (Wallace & Fry 1999) . In addition cationic peroxidases are responsible for the lignification of the secondary xylem (Sasaki et al. 2006) , although previously this function was specifically attributed to anionic ones. Peroxidases can be involved in plant cell wall modification and strengthening by different mechanisms, e.g. by cross-linking and polymerising proline-rich proteins, or by catalysing lignin deposition (Quiroga et al. 2000; Passardi et al. 2005) .
High peroxidases activity in pea epicotyls is correlated with the GGMOs inhibition of elongation growth induced by 2,4-D. Structurally modified oligosaccharides (with reduced amount of galactose side chains) decreased this activity compared with GGMOs. On the basis of our results we suppose that GGMOs inhibited elongation growth induced by auxin is probably associated with changes in cell wall architecture catalysed by peroxidases.
